All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Repeated, transient changes in mRNA content have been reported to precede increases in mitochondrial proteins in response to exercise training in human skeletal muscle \[[@pone.0141317.ref001]\]. Understanding the control of this gene expression would therefore seem important to understand the mechanisms responsible for adaptations to exercise training. One factor that has been reported to affect the activity-induced transcription of metabolic genes associated with substrate utilization, such as mitochondrial uncoupling protein-3 and pyruvate dehydrogenase kinase 4 \[[@pone.0141317.ref002]\], is the intracellular environment (e.g., low muscle glycogen content). A yet-to-be-explored hypothesis, raised by our previous research \[[@pone.0141317.ref003]\], is that intracellular pH (pH~*i*~) may also affect the exercise-induced transcription of genes that regulate mitochondrial biogenesis.

There is increasing evidence that acidosis can affect molecular signalling. For example, basal insulin receptor substrate-1 (IRS-1) associated phosphatidylinositol 3-kinase (PI3-K) activity has been reported to be suppressed following a small chronic decrease in the blood pH (0.11 of a pH unit) of rats \[[@pone.0141317.ref004]\], with a subsequent increase in mRNAs encoding ubiquitin and protease subunits \[[@pone.0141317.ref005]\]. In addition, ammonium chloride (NH~4~Cl) ingestion decreases the phosphorylation of mitogen-activated protein kinase (MAPK) in rat kidneys \[[@pone.0141317.ref006]\]. Given that MAPK is involved in one of the main signalling pathways involved in mitochondrial biogenesis, this result provides support for the hypothesis that acidosis may affect the transcription of genes regulating mitochondrial biogenesis. This would be consistent with the observation that the addition of sodium bicarbonate (NaHCO~3~) to C2C12 myotubes promotes the up-regulation of peroxisome proliferator-activated receptor coactivator 1α (PGC-1α) and some of its downstream targets (COX-II, COX-IV and cytochrome c) \[[@pone.0141317.ref007]\]. However, while the effects of acidosis on kidney function and acute changes in gene expression in mammalian tissue have received much attention, little is known about the effects of manipulating pH on activity-induced gene expression in skeletal muscle.

It has previously been reported that ingesting NaHCO~3~ prior to high-intensity exercise training promotes greater improvements in endurance performance \[[@pone.0141317.ref008]\]. It was hypothesized that this may be due to the negative effects of a decrease in pH~*i*~ on exercise-induced changes in mitochondrial function, as measured by mitochondrial respiration \[[@pone.0141317.ref003]\]. It was subsequently reported that rats ingesting NaHCO~3~ before physical activity (so as to reduce the activity-induced decrease in muscle pH) had significantly greater adaptations to five weeks of exercise training \[[@pone.0141317.ref009]\]. This included greater mitochondrial respiration \[[@pone.0141317.ref003]\] compared with both a control group (no training) and a placebo group (identical exercise, but ingesting sodium chloride before each session). These results raise the intriguing possibility that pH may affect skeletal muscle gene expression associated with mitochondrial biogenesis.

The purpose of this study was to manipulate intra- and extracellular pH, via an acute acid load (NH~4~Cl ingestion), and to determine the effects on both basal mRNA levels and the exercise-induced mRNA responses of important regulators of mitochondrial biogenesis, such as PGC-1α and PGC-1β, and downstream target proteins such as citrate synthase (CS) and cytochrome c (CYT-C). We also investigated the effects of an acute acid load on basal mRNA levels and the exercise-induced mRNA responses of proteins associated with acute and chronic metabolic regulation such as glucose transporter 4 (GLUT4), hexokinase (HKII), pyruvate dehydrogenase kinase 4 (PDK4) and forkhead box protein O1 (FOXO1). We hypothesized that NH~4~Cl ingestion would exacerbate the exercise-induced acidosis and be associated with a decrease in the exercise-induced mRNA response of these important regulators of mitochondrial biogenesis and metabolism.

Materials and Methods {#sec002}
=====================

Participants {#sec003}
------------

Eight moderately-trained males (age 25 ± 6 y, body mass 83.7 ± 9.0, $\overset{˙}{\text{V}}\text{O}_{2\text{peak}}$ 47.6 ± 7.6 mL·kg^-1^·min^-1^) volunteered to participate in this study. Each participant was involved in recreational physical activity \~3 d·wk^-1^ (walking, jogging, gym), but not training for any specific sport.

Ethics Statement {#sec004}
----------------

Participants were informed of the study requirements, benefits and risks before giving written informed consent. Approval for the study procedures was granted by the Massey University Research Ethics Committee. Raw data is included in the Supplementary file---[S1 Dataset](#pone.0141317.s001){ref-type="supplementary-material"}.

Experimental overview {#sec005}
---------------------

Participants performed the following tests: a) a maximal incremental cycling exercise test and b) two acute sessions of high-intensity interval exercise on a cycle-ergometer, combined with the ingestion of either ammonium chloride (metabolic acidosis; ACID) or calcium carbonate (placebo; PLA), in a randomized, counterbalanced order using a double-blind, cross-over design by the lead author (using sequentially-numbered envelopes). Each high-intensity interval exercise session was separated by approximately 2 weeks and all participants completed the study within \< 3 weeks. A schematic representation of each acute testing day is presented in [Fig 1](#pone.0141317.g001){ref-type="fig"}.

![Participants ingested either ammonium chloride (0.15 g.kg^-1^, ACID) or placebo (0.15 g.kg^-1^, PLA) in four doses during the 24 h prior to the trial day.\
An 8 min warm-up (5 min at 40% of peak power output, 3 min at 60% of peak power output) was followed by 10 x 2 min intervals at 80% of peak power output, interspersed with 1 min of active rest at 40% of peak power output, performed on a cycle ergometer. Timings of additional supplementation, venous blood and muscle biopsy samples and a post-exercise meal are shown prior to and following the high-intensity interval session.](pone.0141317.g001){#pone.0141317.g001}

Maximal incremental cycling exercise test {#sec006}
-----------------------------------------

The maximal incremental exercise was performed on a Lode cycle ergometer (Goningen, The Netherlands). The incremental exercise test began at 100 W, with power output increments of 25 W·min^-1^ until exhaustion \[[@pone.0141317.ref010]\]. Exhaustion was defined as the inability to maintain the minimum pedal cadence required (60 rev·min^-1^). In order to attain maximal values, participants received strong verbal encouragement to continue as long as possible. Expired gas was collected using Douglas Bags and measured with an Ametek analyser (Applied Electrochemistry, Pittsburgh, PA) and a dry gas meter (Harvard, UK) to determine O~2~ consumption ($\overset{˙}{\text{V}}\text{O}_{2}$), CO~2~ production ($\overset{˙}{\text{V}}\text{CO}_{2}$) and the respiratory exchange ratio (RER). The $\overset{˙}{\text{V}}\text{O}_{2\text{peak}}$ was considered as the highest 30-s average for $\overset{˙}{\text{V}}\text{O}_{2}$ obtained during the test and the peak power (PP~watt~) was determined from the last completed stage.

Diet/exercise control {#sec007}
---------------------

Prior to each high-intensity interval exercise session, participants were required to abstain from any vigorous physical activity for a minimum of 48 h, and were provided with a standardised meal in the 24 h prior to each trial. Meals consisted of 7 g CHO·kg^-1^ body mass, 1 g protein·kg^-1^ body mass and 2 g fat·kg^-1^ body mass. Repeated tests for the same participant were carried out at approximately the same time of day in order to control for diurnal variation \[[@pone.0141317.ref011]\].

Ammonium Chloride or Calcium Carbonate ingestion {#sec008}
------------------------------------------------

Ammonium chloride has been shown to be well tolerated at doses of up to 0.3 g.kg^-1^ \[[@pone.0141317.ref012]\]. In the present study, participants ingested gelatin capsules containing either ammonium chloride (ACID, 0.15 g·kg^-1^) or calcium carbonate (PLA, 0.15 g·kg^-1^), using a double blind cross-over design, the day prior to each high-intensity interval exercise session. Capsule ingestion was subdivided and occurred in four separate and equal aliquots spread throughout the day to coincide with feeding to reduce any side effects, such as gastrointestinal discomfort.

Participants then reported to the laboratory for the high-intensity interval exercise session following an \~10 h overnight fast. Additional doses of ammonium chloride and calcium carbonate (0.05 g·kg^-1^) were ingested by the participants upon their arrival in the laboratory (after a resting blood sample), 1 hour after their arrival (after a resting muscle biopsy), and immediately after the completion of the high-intensity interval exercise session. Therefore, the total ingestion of each supplement was 0.15 g·kg^-1^ on the day of the exercise protocol, equaling that consumed on the day prior to the trial. No blood or tissue samples were taken prior to the initial capsule ingestion the day before the trial.

Exercise protocol {#sec009}
-----------------

The high-intensity exercise session consisted of an 8 min warm-up---5 min at 40% of PP~watt~ followed by 3 min at 60% of PP~watt~. This was immediately followed by 10 x 2-min intervals at 80% PP~watt~, interspersed with 1 min of active recovery at 40% PP~watt~. Each exercise bout was completed on the same cycle ergometer as the maximal incremental test, and all participants were able to complete all intervals in both conditions.

Blood sampling and analysis {#sec010}
---------------------------

Shortly after arriving at the laboratory, a cannula (20-G, Becton Dickinson, US) was inserted into an antecubital vein of the participants and a resting venous blood sample was taken. Further venous blood samples were taken immediately prior to, immediately after exercise, and 2 h into recovery. The venflon was kept patent with 0.9% saline (AstraZeneca, Aus). For each sample, the initial 2 mL drawn was discarded and blood was then collected into two 4.5 mL EDTA-containing tubes and one 4.5 mL lithium-heparin containing tube (Becton Dickinson, UK). Heparinised samples were analysed for pH, HCO~3~ ^-^ and lactate using an automated blood-gas analyser (ABL800 FLEX, Radiometer Medical ApS, Denmark). Tubes were placed on melting ice until centrifuged (2300 *g* at 4°C for 10 min) and the serum or plasma aliquotted and stored at --80°C until subsequent analysis.

Muscle sampling and analysis {#sec011}
----------------------------

On the day of each high-intensity exercise bout, three incisions were made through the subcutaneous tissue and underlying muscle fascia under local anaesthesia (5 mL, 1% Xylocaine) into the lateral aspect of the *vastus lateralis*, about one-third of the distance from the upper margin of the patella to the anterior iliac spine of each subject. Pre and post-exercise samples were taken from one leg, while the 2 h post-exercise samples were taken from the other. *Vastus lateralis* muscle biopsy samples were taken using the Bergstrom technique with suction applied. The samples were then removed from the biopsy needle, blotted free of excess blood and rapidly placed in liquid nitrogen and stored at -80°C until subsequent analysis.

RNA isolations, reverse transcription and PCR {#sec012}
---------------------------------------------

Total RNA was isolated from approximately 30 mg of muscle tissue and the final RNA pellet was re-suspended in 1 μL per mg original tissue in diethyl pyrocarbonate (DEPC)-treated H~2~O containing 0.1 mM EDTA as previously described \[[@pone.0141317.ref013]\]. Reverse transcription (RT) was performed on 3 μg total RNA of each sample using the superscript II RNase H^-^ systemwith Oligo dT (invitrogen, Carlsbad, CA, USA) and the RT products were diluted in nuclease-free H~2~O as previously described \[[@pone.0141317.ref013]\]. The amount of single strand DNA (ssDNA) was determined in the RT samples using OliGreen reagent (Molecular Probes, The Netherlands) as previously described \[[@pone.0141317.ref014]\]. The mRNA content was determined for selected genes using fluorescence-based real time PCR (ABI PRSIM 7900 Sequence Detection System, Applied Biosystems, CA, USA). Forward (FP) and reverse (RP) primers and Taqman probes were designed from human specific sequence data (Entrez-NIH and Ensembl, Sanger Institute) using computer software (Primer Express, Applied Biosystems). The primer and probe sequences are given in [Table 1](#pone.0141317.t001){ref-type="table"}. The probes were 5' 6-carboxyfluorescein (FAM) and 3' 6-carboxy-N, N, N', N'-tetramethylrhodamine (TAMRA) labeled. Prior optimization was performed to determine the optimal primer and probe concentrations. PCR amplification was performed in triplicates in a total reaction volume of 10 μL with 21 ng cDNA as previously described \[[@pone.0141317.ref014]\]. Serial dilutions were made from a pooled representative sample and these samples were amplified together with the unknown samples and used to construct a standard curve. The obtained cycle threshold (Ct) values reflecting the initial content of the specific transcript in the samples were converted to an arbitrary amount by using the standard curve. For each sample, the amount of a given target cDNA was normalized to the ssDNA content in the sample.

10.1371/journal.pone.0141317.t001

###### Primer and TAQMAN probe sequences used for real-time PCR.

PDK4, pyruvate dehydrogenase kinase 4; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator-1α CS, citrate synthase; Cyt *c*, cytochrome *c* oxidase, HKII, hexokinase II; GLUT4, glucose transporter-4; PGC-1β, peroxisome proliferator-activated receptor gamma coactivator-1β FOXO1, forkhead box O1.

![](pone.0141317.t001){#pone.0141317.t001g}

  Gene          Primer sequence (forward and reverse)   TaqMan Probe
  ------------- --------------------------------------- --------------------------------------------
  **PDK4**      5\'-TCCACTGCACCAACGCCT-3\'              5\'-ATAATTCCCGGAATGCTCCTTTGGCTG-3\'
                5\'-TGGCAAGCCGTAACCAAAA-3\'             
  **PGC-1α**    5'-CAAGCCAAACCAACAACTTTATCTCT-3'        5'-AGTCACCAAATGACCCCAAGGGTTCC-3'
                5'-CACACTTAAGGTGCGTTCAATAGTC-3'         
  **CS**        5'-GACTACATCTGGA ACACACTCAACTCA-3\'     5\'-ACGGGTTGTTCCAGGCTATGGCCA-3\'
                5\'-CGCGGATCAGTCTTCCTTAGTAC-3\'         
  **Cyt *c***   5\'-GGTCTCTTTGGGCGGAAGAC-3'             5\'-CCCTGGATACTCTTACACAGCCGCCAA-3\'
                5\' CTCTCCCCAGATGATGCCTTT 3'            
  **HKII**      5\'-TTGTCCGTAACATTCTCATCGATT-3\'        5\'-ACCAAGCGTGGACTGCTCTTCCGA-3\'
                5\'-TGTCTTGAGCCGCTCTGAGAT-3\'           
  **GLUT4**     5\'-CCTGCCAGAAAGAGTCTGAAGC-3\'          5\'-CAGAAACATCGGCCCAGCCTGTCA-3\'
                5\'-ATCCTTCAGCTCAGCCAGCA-3'             
  **PGC-1β**    5\'-GAGGGCTCCGGCACTTCT-3\'              5\'-CCCAGATACACTGACTACGATTCCAATTCAGAAG-3\'
                5\'-CATGGCTTCATACTTGCTTTTCC-3\'         
  **FOXO1**     5\'-ACCGAACAGGATGATCTTGGA-3\'           5\'-CCATCTGCCGCAAAGATGGCCTCTA-3\'
                5\'-TTGCTTATCTCAGACAGACTGGGTAA-3\'      

pH analysis {#sec013}
-----------

Muscle samples were freeze dried and dissected free of blood, fat and connective tissue. The dried muscle sample (1--3 mg) was homogenized in 10 mM NaF (i.e., 1 mg: 33 μL) and then placed in a water bath at 37°C for 5 minutes. Muscle pH was determined with a microelectrode (MI-410, Microelectrodes Inc, Bedford, NH, USA) connected to a pH meter (Schott Instruments GmbH, lab 850, Mainz, Germany). The pH values were recorded at every 30 seconds but the final pH value for each sample was determined by the average of the last two minutes.

Statistical analysis {#sec014}
--------------------

Statistical analyses were performed using SAS (Statistical Analysis System, version 9.3; SAS Institute Inc., Cary, NC, USA). Repeated measures of the dependent variables recorded in the same subject were analyzed using the MIXED procedure fitting a mixed model that included the fixed effects of treatment (ACID AND PLA), time (rest, post-ex and 2 h), the interaction between treatment and time and the random effect of subject. Using the Akaike's information criterion, a compound symmetric error structure was determined as the most appropriate residual covariance structure for repeated measures over time within subjects. Multiple mean comparisons of gene expressions were performed on the logarithm scale and presented in graphs after back-transformation. Significant differences between means were declared at P\<0.05, and the number of participants for each analysis was n = 8.

Results {#sec015}
=======

Blood variables {#sec016}
---------------

At rest, venous blood pH and HCO~3~ ^-^ were both lower in the ACID trial than in the PLA trial (*P* \< 0.05; [Table 2](#pone.0141317.t002){ref-type="table"}). Additionally, at all post-exercise time points, venous blood pH and HCO~3~ ^-^ were lower in the ACID trial than in PLA (*P* \< 0.05; [Table 2](#pone.0141317.t002){ref-type="table"}). Venous blood lactate concentration was similar at rest between trials, increased in response to exercise, but only the immediately post-exercise venous blood lactate concentration was lower in the ACID than in the PLA trial (*P* \< 0.05).

10.1371/journal.pone.0141317.t002

###### Least squares means (and standard errors) for plasma pH (pH), bicarbonate (HCO~3~-) and lactate (Lac^-^) concentrations for placebo (PLA) and acidosis (ACID) trials at rest (REST), immediately after exercise (POST-EX) and 2 hours (2H) following exercise.

![](pone.0141317.t002){#pone.0141317.t002g}

                                              Rest                                                Post-Ex                                                                                   2h
  ------------------------------------ ------ --------------------------------------------------- ----------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------
  **pH**                               PLA    7.385 (0.023)                                       7.302 (0.021)[\*](#t002fn001){ref-type="table-fn"}                                        7.396 (0.022)[‡](#t002fn002){ref-type="table-fn"}
                                       ACID   7.293 (0.022)[†](#t002fn003){ref-type="table-fn"}   7.184 (0.019)[\*](#t002fn001){ref-type="table-fn"} [†](#t002fn003){ref-type="table-fn"}   7.303 (0.021)[\*](#t002fn001){ref-type="table-fn"} [‡](#t002fn002){ref-type="table-fn"} [†](#t002fn003){ref-type="table-fn"}
  **HCO** ~**3**~ **-** (mmoL·L^-1^)   PLA    27.2 (1.2)                                          20.3 (2.5)[\*](#t002fn001){ref-type="table-fn"}                                           26.3 (1.4)[‡](#t002fn002){ref-type="table-fn"}
                                       ACID   17.4 (1.1)[†](#t002fn003){ref-type="table-fn"}      10.3 (0.)[\*](#t002fn001){ref-type="table-fn"} [†](#t002fn003){ref-type="table-fn"}       14.1 (1.1)[\*](#t002fn001){ref-type="table-fn"} [‡](#t002fn002){ref-type="table-fn"} [†](#t002fn003){ref-type="table-fn"}
  **Lac** ^**-**^ (mmoL·L^-1^)         PLA    1.7 (0.2)                                           8.3 (1.2)[\*](#t002fn001){ref-type="table-fn"}                                            2.1 (0.4)[‡](#t002fn002){ref-type="table-fn"}
                                       ACID   1.4 (0.2)                                           5.4 (0.7)[\*](#t002fn001){ref-type="table-fn"} [†](#t002fn003){ref-type="table-fn"}       2.0 (0.2)[‡](#t002fn002){ref-type="table-fn"}

\* Denotes significant difference from Rest value within the treatment (*p* \< 0.05).

^‡^ Denotes significant difference from Post-Ex value within the treatment (*p* \< 0.05).

^†^ Denotes significant difference to PLA value within the time (*p* \< 0.05).

Muscle pH {#sec017}
---------

There were no significant differences in pre-exercise muscle pH between ACID and PLA (7.10 ± 0.04 vs 7.10 ± 0.04; *P* \> 0.05). However, there was a significantly lower muscle pH immediately post exercise (6.86 ± 0.11 vs 6.93 ± 0.09; *P* \< 0.05), and 2 h post the exercise bout (7.05 ± 0.05 vs 7.12 ± 0.04; *P* \< 0.05) in the ACID trial than in the PLA trial.

mRNA {#sec018}
----

At rest there was a significantly higher mRNA content of PGC-1α, CS, CYT-C and Foxo mRNA in ACID than in PLA (*P* \< 0.05; Figs [2](#pone.0141317.g002){ref-type="fig"} and [3](#pone.0141317.g003){ref-type="fig"}). The resting mRNA content for HKII (*P* = 0.06) and GLUT mRNA (*P* = 0.10) was not significantly higher in ACID compared with PLA ([Fig 3](#pone.0141317.g003){ref-type="fig"}). There were no significant differences in PGC-1β or PDK4 at rest between the ACID and PLA trials (*P* \> 0.05; Figs [2](#pone.0141317.g002){ref-type="fig"} and [3](#pone.0141317.g003){ref-type="fig"} respectively).

![Gene expression responses to a high-intensity interval exercise bout (10 x 2 min at 80% peak power output, 1 min @ 40% of peak power output) after the ingestion of ammonium chloride (ACID) or placebo (PLA).\
The total ingestion of each supplement was 0.15 g·kg^-1^ on the day of the exercise protocol, equaling that consumed on the day prior to the trial. (a) PGC-1α, (b) citrate synthase, (C) cytochrome C; (d) PGC-1β. \# significantly different to placebo at same time point (P \< 0.05); \* significantly different to same ingested substance at rest (P \< 0.05). Values are least square means ± 95% confidence limits.](pone.0141317.g002){#pone.0141317.g002}

![Gene expression responses to a high-intensity interval exercise bout (10 x 2 min @ 80% peak power output, 1 min @ 40% of peak power output) after the ingestion of ammonium chloride (ACID) or placebo (PLA).\
The total ingestion of each supplement was 0.15 g·kg^-1^ on the day of the exercise protocol, equaling that consumed on the day prior to the trial. (a) HKII, (b) GLUT4, (C) PDK4; (d) FOXO1. \# significantly different to placebo at same time point (P \< 0.05); \* significantly different to same ingested substance at rest (P \< 0.05). Values are least square means ± 95% confidence limits.](pone.0141317.g003){#pone.0141317.g003}

There was a significant increase in the mRNA content of PGC-1α, PGC-1β, CS, CYT-C, FOXO1, HKII, GLUT4 and PDK4 mRNA following the exercise bout relative to Pre during the PLA trial (*P* \< 0.05; Figs [2](#pone.0141317.g002){ref-type="fig"} and [3](#pone.0141317.g003){ref-type="fig"}). However, only PGC-1β was elevated early post-exercise (compared with rest) during the ACID trial (*P* \< 0.05). There were no significant differences between conditions for the post-exercise mRNA values. There was also no significant difference between ACID and PLA PGC-1α mRNA 2 h post-exercise (P = 0.08).

Discussion {#sec019}
==========

The present study investigated the effects of NH~4~Cl ingestion on mRNA content at rest and following high-intensity interval exercise. For the first time, we have shown that NH~4~Cl ingestion alters basal and exercise-induced changes in the mRNA content of PGC-1α mRNA and other mitochondrial/metabolic proteins in human skeletal muscle. At rest, the mRNA content of PGC-1α and its downstream targets, such as CS and CYT-C, was greater in ACID versus PLA. However, only in the PLA condition was the post-exercise mRNA content of mitochondrial- and glucose-regulating proteins greater than resting values (*P*\<0.05). In contrast, the post-exercise mRNA contents of PGC-1α, CS, CYT-C, FOXO1, GLUT4, and HKII mRNA levels were not different from resting levels in the ACID condition (*P*\>0.05). Therefore, our results show that NH~4~Cl ingestion increases the mRNA content of some genes in skeletal muscle at rest, but reduces the exercise-induced response of these same genes. Hence, NH~4~Cl ingestion appears to have different effects on the resting and post-exercise mRNA content of PGC-1α and its downstream targets.

Efficacy of ingestion protocol {#sec020}
------------------------------

Administration of NH~4~Cl has widely been used to induce extracellular acidosis \[[@pone.0141317.ref012]\]. NH~4~Cl uptake by the liver results in the formation of urea and the net release of HCl, which is not completely buffered by extracellular bicarbonate. As a consequence, there was a significant decrease in resting values for both venous bicarbonate and blood pH ([Table 2](#pone.0141317.t002){ref-type="table"}). Despite the large decrease in resting extracellular pH, there was no change in resting muscle pH. This is consistent with previous human \[[@pone.0141317.ref012]\] and *in-vivo* rat studies \[[@pone.0141317.ref015]\], and has been suggested to be attributed to the actions of intracellular buffers (e.g., protein-bound histidine residues, imidazole-containing dipeptides and phosphates within the muscle; \[[@pone.0141317.ref016]\]) that act to maintain pH~*i*~. This indicates that the response of intact animals to a decrease in extracellular pH is more complex than in cultured cells where pH~*i*~ typically decreases in parallel with extracellular pH.

In contrast to the resting condition, and similar to previous results \[[@pone.0141317.ref012]\], the lower post-exercise extracellular pH following NH~4~Cl ingestion was associated with a significantly lower pH~*i*~. Consistent with previous research in humans \[[@pone.0141317.ref012]\], NH~4~Cl ingestion also resulted in significantly lower post-exercise plasma pH and blood lactate values ([Table 2](#pone.0141317.t002){ref-type="table"}). The lower post-exercise blood pH can be attributed to the reduced extracellular buffer capacity, while the lower blood lactate concentration can be attributed to both inhibition of glycolysis and reduced lactate transport out of muscle cells when the extracellular pH is increased \[[@pone.0141317.ref017]\].

The effects of metabolic acidosis on resting mRNA content {#sec021}
---------------------------------------------------------

At rest, PGC-1α mRNA, and the mRNA content of some of its downstream targets, such as CS and CYT-C, was elevated following NH~4~Cl ingestion ([Fig 2](#pone.0141317.g002){ref-type="fig"}). Indeed, the resting levels of these genes were elevated to a similar degree to that observed immediately post-exercise during the PLA condition. While this is the first study to determine the effects of NH~4~Cl ingestion on the mRNA content of mitochondrial proteins in skeletal muscle, it has previously been reported that a decrease in blood pH of 0.14 pH units increases the expression of a range of genes in mice kidneys, including citrate synthase \[[@pone.0141317.ref018]\]. These results suggest that extracellular acidosis is associated with increased resting mitochondrial gene expression in a range of tissues.

In contrast to the effects of NH~4~Cl ingestion on mitochondrial mRNA content, there was no significant increase in the resting mRNA content of glucose-regulating genes (i.e., HKII and GLUT4; [Fig 3](#pone.0141317.g003){ref-type="fig"}). There was however, a significant increase in FOXO1 mRNA content ([Fig 3](#pone.0141317.g003){ref-type="fig"}). This is consistent with the observation that in muscle atrophying due to uremia, there is an increase in FOXO1 mRNA \[[@pone.0141317.ref019]\]. Furthermore, acute metabolic acidosis has been reported to increase protein breakdown in rat skeletal muscle \[[@pone.0141317.ref020]\], via an increase in mRNAs encoding ubiquitin and protease subunits \[[@pone.0141317.ref005],[@pone.0141317.ref021]\]. Extracellular acidosis has also been reported to affect the IRS/PI3-K cascade \[[@pone.0141317.ref004]\]. Specifically, extracellular acidosis was associated with an increase in the amount of PI3-K p85 subunit protein which decreased IRS-1-associated PI3-K activity, resulting in a reduction in the phosphorylation (i.e., activation) of Akt (protein kinase B) \[[@pone.0141317.ref004]\]. As phosporylated Akt suppresses the activity of the FOXO1 class of transcription factors \[[@pone.0141317.ref022]\], a decrease in the phosphorylation of Akt could help to explain the increase in FOXO1 mRNA content that was observed at rest in the ACID condition in the present study. These results suggest that extracellular acidosis is a powerful stimulus up-regulating multiple pathways associated with an increase in protein degradation.

Potential mechanisms for the altered resting mRNA levels in the present study require further investigation. Nonetheless, as NH~4~Cl ingestion did not alter resting pH~*i*~, it appears likely the mechanism(s) is related to the observed decrease in extracellular pH (and/or bicarbonate). There are a number of receptors and pathways that are thought to be affected by extracellular acidosis. For example, both the system A neutral amino acid transporter (SNAT2) \[[@pone.0141317.ref023]\] and G-protein-coupled receptors (GPCRs) \[[@pone.0141317.ref024]\] are thought to be sensitive to extracellular acidosis. Activation of GPCRs may explain why p38 MAPK has been reported to be activated by a decrease in extracellular pH \[[@pone.0141317.ref025]\]. Relevant to our findings, p38MAPK phosphorylates PGC-1α. This increases the stability of this protein, and promotes the release of PGC-1α repressors, which improves the transcription of mitochondrial genes \[[@pone.0141317.ref026]\]. Intracellular free calcium concentrations also rise in whole animals and intact cells in response to ammonium chloride treatment \[[@pone.0141317.ref027]\]. In addition, ammonia induces an increase in reactive oxygen species (ROS) production \[[@pone.0141317.ref028]\]. ROS and intracellular free calcium are known messengers in the p38MAPK and Ca^2+^-calmodulin-dependent kinase (CaMK) pathways, and have also been suggested to regulate PGC-1α \[[@pone.0141317.ref029]\]. Further research is required to investigate the role of p38 MAPK and CaMK in responding to extracellular pH changes and increasing the expression of mitochondrial genes in human skeletal muscle.

The effects of NH~4~Cl ingestion on post-exercise mRNA content {#sec022}
--------------------------------------------------------------

During the PLA trial there was a significant post-exercise increase in most of the genes that were measured (2--20 fold; Figs [2](#pone.0141317.g002){ref-type="fig"} and [3](#pone.0141317.g003){ref-type="fig"}). These activity-induced increases in mRNA content are consistent with previous reports \[[@pone.0141317.ref030],[@pone.0141317.ref031]\]. However, extracellular acidosis was associated with an attenuated exercise-induced expression of these genes, such that only PGC-1β was elevated 2 h post-exercise (compared with rest) during the ACID trial. Furthermore, PGC-1α mRNA content 2 h post-exercise in the ACID trial was 3-fold lower than in the PLA trial ([Fig 2](#pone.0141317.g002){ref-type="fig"}). These results indicate that NH~4~Cl ingestion reduces the normal post-exercise increase in mRNAs for proteins associated with mitochondrial biogenesis and glucose regulation.

It has previously been reported that the intracellular environment (e.g., low muscle glycogen) affects the activity-induced transcription of metabolic genes associated with substrate utilization, such as mitochondrial uncoupling protein-3 and pyruvate dehydrogenase kinase 4 \[[@pone.0141317.ref002],[@pone.0141317.ref032]\]. We provide new information that pH may also affect the exercise-induced mRNA responses of proteins that regulate mitochondrial biogenesis (and glucose regulation). This blunting of the mRNA response may be due to the already elevated resting mRNA level of PGC-1α and other metabolic proteins and/or the effects of altered metabolite levels on signaling cascades when intense muscle contraction is accompanied by ammonium-chloride-induced acidosis.

Previous research has shown that NH~4~Cl ingestion reduces muscle AMP, ADP and lactate content following intense exercise \[[@pone.0141317.ref012],[@pone.0141317.ref033],[@pone.0141317.ref034]\]. It is well known that changes in phosphorylation potential (e.g., AMP:ATP ratio) initiate numerous downstream molecular events in skeletal muscle, at least in part via AMPK activation \[[@pone.0141317.ref035]\]. By sensing the energy status of the muscle cell, AMPK has been suggested to be a critical regulator involved in initiating mitochondrial biogenesis \[[@pone.0141317.ref036]\]. In addition, muscle lactate has also been proposed to be an important signaling molecule that affects transcription factors involved in mitochondrial biogenesis \[[@pone.0141317.ref029]\]. Thus, smaller exercise-induced changes in muscle AMP and lactate accumulation may contribute to our observations of smaller exercise-induced increases in mRNA content following NH~4~Cl ingestion. However, further research is required to identify the mechanisms by which NH~4~Cl ingestion blunted the normal exercised-induced increase in mRNA content in the present study.

Exercise versus rest---why the difference? {#sec023}
------------------------------------------

An interesting and novel finding from the present study is that NH~4~Cl ingestion enhanced resting mRNA content, but blunted the exercise-induced increase in mRNA content. These contrasting effects may be attributable to the different effects of intracellular and extracellular pH changes. As discussed earlier, NH~4~Cl ingestion was associated with a decrease in both intracellular and extracellular pH post exercise, but a decrease in resting extracellular pH only. It may therefore be hypothesized that the increase in resting mRNA content was due to membrane components sensitive to extracellular acidosis (e.g., GPCRs; \[[@pone.0141317.ref024],[@pone.0141317.ref037]\]) or the system A neutral amino acid transporter (SNAT2) \[[@pone.0141317.ref023]\], whereas the mechanisms explaining the blunted post-exercise mRNA response are related to changes in pH~*i*~. It is also possible that whether gene expression is up or down regulated depends on the magnitude of the pH change. It has previously been reported that the rate of vascular endothelial growth factor (VEGF) transcription was increased in cells at a pH of 7.1, compared with 7.4, but decreased at a pH of 6.9 \[[@pone.0141317.ref038]\]. Further research is required to investigate both of these hypotheses.

Limitations {#sec024}
-----------

While administration of NH~4~Cl is a commonly-used used model of acidosis \[[@pone.0141317.ref012],[@pone.0141317.ref039]\], it is possible that our results can be attributable to a specific effect of NH~4~Cl (e.g., urea production), rather than changes in pH. However, similar decreases in protein synthesis have been observed following administration of either NH~4~Cl or a cation-exchange resin \[[@pone.0141317.ref039]\]; the resin induces acidosis by releasing hydrogen ions in exchange for other cations in the gastrointestinal tract, thus lowering the systemic pH. While further research, using different substances to alter pH is required, these findings suggest that the altered mRNA levels in the present study are unlikely to be specific to NH~4~Cl ingestion.

Conclusions {#sec025}
-----------

The present results suggest that disturbances to acid-base homeostasis have the potential to alter both resting and post-exercise mRNA content of proteins related to mitochondrial biogenesis and glucose regulation. The changes in the mRNA content of mitochondrial-related proteins are consistent with our previous research demonstrating that increasing extracellular pH prior to training is associated with significantly greater improvements in endurance performance in humans \[[@pone.0141317.ref008]\] and mitochondrial respiration in rats \[[@pone.0141317.ref003]\]. While further research is required, these results have potential implications for populations who experience a greater decrease in pH at rest (e.g., chronic renal failure patients \[[@pone.0141317.ref039]\]) or during physical activity (e.g., diabetics \[[@pone.0141317.ref040]\]).

Supporting Information {#sec026}
======================

###### Raw data for individual participants.

(PDF)
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Click here for additional data file.
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